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ABSTRACT PAGE
Breathing behavior in mammals depends on a respiratory-related rhythm that is generated by 
glutamatergic neurons in preBotzinger complex (preBotC) that are derived from a single 
genetic line, which expresses the homeodomain transcription factor Dbx1 embryonically. To 
what extent the morphology influences or governs the function of Dbx1+ neurons remains 
unknown. To elucidate the role of Dbx1+ neurons, and specifically their morphology, in 
respiration, I comparatively analyzed morphologies of Dbx1+ and non-Dbx1+ neurons in the 
preBotC. Dbx1+ and non-Dbx1+ neurons were recorded in reduced brainstem slice 
preparations that generate fictive respiratory like motor activity in vitro. Each recorded neuron 
was dialyzed with biocytin, processed to reveal biocytin, imaged, and then digitally 
reconstructed. Detailed morphological analysis of these digital reconstructions showed that 
Dbx1+ neuron dendrites branched minimally and were confined to the transverse plane, 
whereas more highly branched non-Dbx1+ neuron dendrites spanned deeper rostrocaudally. 
Also, Dbx1+ neurons showed contralateral axonal projections more often than non-Dbx1 
neurons. Investigation of dendritic spatial pattern revealed that Dbx1+ neurons did not have 
spines or protrusions, but non-Dbx1+ neurons showed a considerably higher number of spines 
and protrusions close to the soma. The dendritic morphology and axonal projection pattern 
suggest that Dbx1+ neurons are specialized for local network interactions that serve 
respiratory rhythm generation and non-Dbx1+ neurons are designed to participate in long- 
range communication throughout the medullary respiratory network.
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INTRODUCTION
Rhythmic behaviors such as walking, chewing, and breathing are 
generated by central pattern-generating (CPG) neural circuits in brainstem and 
spinal cord (Grillner, 2006; Kiehn, 2011). The composition of such CPG 
circuits has been analyzed in terms of specific genetically defined classes of 
neurons whose roles in generating and coordinating aspects of the behaviors 
can be determined experimentally. While this type of analysis has helped to 
elucidate the cellular bases for spinal cord locomotor function (Goulding, 2009; 
Goulding and Pfaff, 2005) the same level of understanding has not yet been 
achieved for the hindbrain respiratory system.
Breathing behavior in mammals depends on a respiratory-related 
neural rhythm that is generated in the preBotzinger complex (preBotC), a 
functionally and anatomically specialized region of ventrolateral medullary 
brainstem (Feldman and Del Negro, 2006). Recently, our lab, and another 
group, demonstrated that rhythm-generating neurons in the preBotC are 
derived from a single genetic precursor population that expresses the 
homeodomain transcription factor Dbx1 (Developing Brain Homeobox-1) (Gray 
et al., 2010; Bouvier et al., 2010). Dbx1 is expressed by embryonic cells in the 
dorsal-most progenitor (P0) domain of the ventral neural tube, which 
corresponds to the position of generation of V0 interneurons post-mitotically 
(Pierani et al., 2001). Dbx1 influences the development of hindbrain and spinal
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cord circuits that underlie rhythmic behaviors such as locomotion and 
breathing (Gray et al., 2010; Bouvier et al., 2010; Pierani et al., 2001; Lanuza 
et al., 2004). The ventral subdivision of Dbx1-derived neurons (Dbx1+) 
expresses inhibitory neurotransmitters in spinal cord circuits, but exhibits 
excitatory neurotransmitters in hindbrain (respiratory) circuits. In fact, Dbx1 + 
precursors are the only source of glutamatergic interneurons in the preBotC, 
which are known to be essential for respiratory activity in vitro and in vivo 
(Wallen-Mackenzie et al., 2006). However, in both spinal locomotor circuits 
and the preBotC, Dbx1+ neurons exhibit commissural axonal trajectories 
consistent with their proposed role of generating appropriate left-right patterns 
of activity. While locomotion depends on anti-phase activity for left and right 
hind limbs, breathing is bilaterally synchronous. Therefore, the transmitter 
phenotype and axon projections for each Dbx1+ population corresponds to a 
specific function in generating alternating left-right or bilaterally synchronous 
motor rhythms.
However, the extent to which morphology influences or governs the 
function of Dbx1+ neurons remains unknown, which is true for spinal locomotor 
and hindbrain respiratory networks. This thesis addresses the role of Dbx1 + 
neuron morphology in respiration. Here, I investigate whether -  and h o w -th e  
morphology of Dbx1+ preBotC neurons may be specialized to serve a 
rhythmogenic function, and likewise how non-Dbx1+ preBotC neurons, which 
are not rhythmogenic, exhibit different morphological features. Unraveling this
2
problem may provide new insights into the neural origins of respiratory rhythm 
at the cellular level, which may reveal novel principles of synaptic-dendritic 
integration in a rhythm-generating network. This project is particularly 
concerned with dendrites. Nearly all neurons (except for primary sensory and 
some autonomic neurons) have multiple dendrites, which can be highly 
branched. Dendrites are specialized in that they receive the majority of 
synaptic contacts, and thus form a basic computational and integrative unit in 
neurons. But the morphological and physiological properties of dendrites are 
wildly divergent in the nervous system (Stuart et al., 2007). There are very few 
generally accepted functional principles regarding dendritic properties; the 
specific details matter. Hence, morphological studies are important to 
investigate the basic structure-activity relationship in Dbx1+ neurons.
At present we know that Dbx1+ neurons in a different part of the brain, 
the amygdala, have 50-150-pm-long sparsely spiny proximal dendrites that 
project in opposite directions (180 degrees apart, i.e., bipolar projections) 
(Hirata et al., 2009), but whether these same properties apply to hindbrain 
interneurons remains unknown. The ventral location of Dbx1+ neuron cell 
bodies found in the preBotC and their axon projections have been studied in 
the embryonic and post-natal spinal cord, but it must be emphasized that 
nothing is known about the detailed morphology of Dbx1+ neurons in either 
spinal cord or hindbrain systems.
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Here, Dbx1+ neurons were recorded in reduced brainstem-slice 
preparations that generate fictive respiratory-like motor activity in vitro. These 
recordings were performed in the whole-cell patch-clamp configuration and 
each recorded neuron was dialyzed with biocytin for subsequent histological 
processing, processed, imaged and digitally reconstructed. These digital 
objects were then measured in detail. This kind of morphological study has not 
been performed in Dbx1+ neurons, a genetically identified subpopulation 
whose behavioral role and physiological properties are well defined. Here, in 
this thesis, I address this gap in knowledge regarding Dbx1+ neurons and 
provide new insights into morphological specializations that may underlie -  at 
least in part -  respiratory rhythmogenic function. Understanding cellular 
morphological properties of Dbx1+ neurons will help to discover their cellular- 
level contributions to respiratory rhythm generation, which is a key 
physiological function of the brain.
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MATERIALS AND METHODS
The Institutional Animal Care and Use Committee at the College of 
William and Mary approved all procedures. We used transgenic mice that 
express Cre recombinase fused to the tamoxifen-sensitive estrogen receptor 
Dbx1+/CreERT2 (Hirata et al., 2009), coupled with floxed reporter mice with 
inducible expression of the red fluorescent protein variant tdTomato 
Gt(ROSA)26S or locusl (Rosa26tdTomato, Jax No. 007905) (Madisen et al., 
2010). The Dbx1+/CreERT2 strain was bred in-house using a CD-1 background 
strain. The Rosa26tdTomat° was maintained as a homozygous line with 
C57BL/6J background.
Neonatal mice (n=23) were obtained from timed mating of Dbx1+/CreERT2 
females with Rosa26tdTomat° males. Neonatal Dbx1+/CreERT2;Rosa26tdTomat° mice 
at postnatal day 0 to 5 (PO-5) were anesthetized and then dissected. 
Transverse 550-pm thick brainstem slices with the preBotC on the rostral side 
were obtained through a dissection procedure followed by transverse 
sectioning using a vibrating microtome. Slices were perfused with artificial 
cerebrospinal fluid (ACSF) containing (in mM): 124 NaCI, 3 KCI, 1.5 CaCI2, 1 
M gS04, 25 NaHC03, 0.5 NaH2P 04, and 30 dextrose, equilibrated with 95% 0 2 
and 5% C 0 2 (pH 7.4) at 26-28° C. The slices were placed in a recording 
chamber on a fixed-stage Zeiss Axioskop (Zeiss Microimaging, Thornwood, 
NY) with infrared-enhanced differential interference contrast (IR-DIC) imaging
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and epifluorescence, which enables visual identification and selective 
recording of target neurons.
Rhythmic respiratory-related motor output was recorded from the 
hypoglossal (XII) nerve rootlets, which are captured with the preBotC in 
transverse slices, using suction electrodes and a differential amplifier (Dagan 
Instruments, Minneapolis, MN). The XII discharge was full-wave rectified and 
smoothed for display. On-cell and whole-cell patch-clamp recordings were 
obtained using patch pipettes with resistance of 4-6 MO and a Dagan 1X2-700 
current-clamp amplifier. The patch solution consists of (in mM): 140 K- 
Gluconate, 10 HEPES, 5 NaCI, 1 MgCI2, 0.1 EGTA, 2 Mg-ATP and 0.3 Na(3)- 
GTP and 2 mg/ml biocytin (B4261, Sigma Aldrich). Infra red-enhanced 
differential interference contrast (IR-DIC) imaging was used to target patch 
pipettes after fluorescent identification of Dbx1+ neurons. All recordings were 
digitally acquired at 10 kHz using a PowerLab 16-bit A/D converter after 1 kHz 
low-pass filtering (AD Instruments, Colorado Springs, CO).
All the above procedures and physiological recording experiments were done 
in collaboration with Maria Christina Picardo, a fellow doctoral candidate in the 
lab. My specific role involved anatomical work on slices pre-recorded and fixed 
in PFA (4% paraformaldehyde in 0.15 M Na phosphate buffer, pH 7.3) after 
electrophysiological recordings.
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Biocytin Visualization in Pre-recorded PreBotC Neurons
Two methods were used to reveal the biocytin in preBotC neurons.
1. ABC-DAB Staining
Slices containing biocytin-labeled neurons were fixed in 
paraformaldehyde in 0.1 M Na-phosphate buffer for at least 16 hours at 4 °C. 
Slices were washed in phosphate buffered saline (PBS) for 1 hour and then in 
PBS containing 10% heat-inactivated fetal-bovine serum (F4135, Sigma 
Aldrich) for 15 minutes. Slices were then permeabilized for 45 minutes in PBS 
containing 10% heat inactivated fetal-bovine serum and 1% Triton X-100 and 
then incubated overnight in PBS containing avidin-biotin-peroxidase complex 
(ABC Vectastain kit, PK-6100 Vector Laboratories, Burlingame, CA) with 1% 
Triton X-100. After washing in PBS ( 5 x 1 5  minutes), bound peroxidase was 
revealed by incubation in solution containing DAB stock solution, buffer stock 
solution, nickel solution, hydrogen peroxide (H2O2) and distilled water (DAB 
substrate kit, SK4100, Vector Laboratories, Burlingame, CA). Sections were 
reacted for approximately 2-3 minutes and then washed again with PBS (5 x 
15 minutes). Finally, slices were mounted rostral side up and then cover 
slipped with mounting medium (Vectorshield, H-1500, Vector Labs)
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2. ExtrAvidin-FITC Staining
Prior to staining, slices that were fixed in paraformaldehyde in 0.1 M 
Na-phosphate buffer for at least 16 hours at 4 °C were treated with Scale: a 
solution containing 4 M urea, 10% (wt/vol) glycerol and 0.1% (wt/vol) Triton X- 
100 for at least 5 days. This is a colorless solution and has pH value of 7.7. It 
removes opaque background staining and facilitates clear images, so that 
fluorescence of the recorded neurons is more apparent above the background 
noise (Hama et al., 2011).
After 5-10 days, slices were washed in PBS for 1 hour and then in PBS 
containing 10% heat-inactivated fetal-bovine serum for 15 minutes. Slices 
were then permeabilized for 45 minutes in PBS containing 10% heat 
inactivated fetal bovine serum and 1% Triton X-100 and then incubated for 3 
hours in PBS containing ExtrAvidin-FITC (E2761, Sigma Aldrich) with 10% 
heat-inactivated fetal bovine serum and 1% Triton X-100 to reveal biocytin. 
Finally, slices were washed in PBS ( 5 x 1 5  minutes), mounted on slides rostral 
side up and cover slipped with mounting medium (Vectorshield, H-1500, 
Vector Labs).
Imaging
The slices were examined using an inverted microscope in bright field 
or using a Zeiss LSM 510 laser scanning confocal microscope with argon and 
helium-neon lasers (Zeiss Microimaging).
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1. inverted Microscope
An Olympus IX50 Inverted microscope was used to image the slices 
stained using DAB. Images were acquired in bright field. Z-stacks were 
obtained by steps of 5-10 pm for both high (40X) and low (10X) magnification 
objectives. The size of each image is large in size in terms of megabytes (~40 
Mb), and that of stack is even larger (~500 Mb). Limited access to a shared 
facility and storage capacity were the main drawbacks that limited the step 
size to relatively large values in these preliminary experiments. Since the 
stacks were obtained in large (5-10 pm) step sizes, traced processes of 
dendrites have limited accuracy since the error in the reconstructed 
morphology from tracing the process of dendrites when the planes are 5-10 
pm apart is significantly larger compared to that of when the planes are 0.5-1 
pm apart. This error is attributable to extrapolation of the morphology between 
planes separated by 5-10 pm. Moreover, when the process becomes quite out 
of focus due to large step sizes, a stair-case reconstruction of the process in 
the Z-axis may result. Because of these problems in getting accurate 3D 
stacks and the subsequent difficulties in reconstruction, the images obtained 
using inverted microscope were used for 2D geometric analysis only.
2. Laser Scanning Confocal Microscope (LSCM)
I used the Zeiss LSM 510 laser scanning confocal microscope with a 
20X plan apochromat water immersion objective (NA 1.0) to image the slices
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stained using ExtrAvidin-FITC. The He-Ne and Argon lasers provided 
excitation at 543 nm and 488 nm, respectively. Appropriate filters were 
selected for the separate detection of each fluorophore using multi-track 
scanning methods to separate the detection of red and green signals, and 
thus avoid overlap in the emission spectra of the red and green fluorophores. 
Scans were performed along Z-axis with lateral resolution of 512 x 512 pixels 
(0.82 pm/pixel) and axial resolution of 1-2 pm. In some experiments, to 
acquire maximum quality images suitable for public distribution 
(NeuroMorpho.org) and publication, the lateral resolution was set to 1024 x 
1024 pixels (0.41 pm/pixel) and the axial resolution was set to 0.5 pm. 
Nevertheless, the 512 x 512 pixel images scanned at z-increments of 1-2 pm 
have proven more than adequate to capture the morphology in sufficient 
detail, and to facilitate accurate morphometric reconstructions. Many dendrites 
extend beyond the typical field of view of the LSCM when using 20X 
magnification. Therefore, two to five contiguous image stacks were obtained to 
capture the entire neuron. These multiple stacks are linked in a mosaic offline 
to create unified images of the neurons.
Image Processing
Individual images obtained from the inverted microscope were compiled 
into stacks using ImageJ (National Institutes of Health [NIH], Bethesda, MD). 
The compiled image stacks were projected along the Z-axis based on
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minimum intensity which creates an output image each of whose pixels 
contains the minimum value over all images in the stack at the particular pixel 
location.
For neurons that spanned more than one stack (in the X-Y plane) the 
stacks obtained using the confocal microscope were first stitched together into 
mosaics using the Fiji plugin for ImageJ called 3D stitching (Stephan 
Preibisch, Ph.D., Janelia Farm Research Campus, Howard Hughes Medical 
Institute) (Preibisch et al., 2009), and then projected along the Z-axis based on 
maximum intensity which creates an output image each of whose pixels 
contains the maximum value over all images in the stack at the particular pixel 
location.
Neuronal Reconstructions and Quantitative Analysis
Stitched image stacks were exported as TIFF files to Neuromantic: a 
free application for manual or semi-automatic reconstruction of neurons from 
single images or stacks. (Darren Myatt, Ph.D., School of Systems 
Engineering, University of Reading, Berkshire, UK). These reconstructed 
neurons are stored in the SWC file format. SWC yields a plain text file 
consisting of a list of ASCII lines and each line describes the geometry of a 
neuronal segment characterized by identification number, type (soma, axon, 
basal or apical dendrite), Cartesian coordinates of end point of the segment (in
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|jm with respect to reference point), radius (in pm) and the number of adjacent 
segments in the path to soma (specify compartment interconnectivity).
These 3D digital reconstructions in SWC format were analyzed in L- 
measure: a web accessible tool for investigation and quantitative 
characterization of neuronal morphology (Scorcioni et al., 2008). A total of 39 
parameters were computed for each of the neurons in L-measure. We used 
two-tailed, two-sample unequal variance t-tests to compare the differences 
between Dbx1+ and non-Dbx1+ neurons, with significance level set to a 
minimum p < 0.05.
Sholl (1953) introduced a method to quantitatively analyze 
morphological characteristics of an imaged neuron along the radial distance 
from the soma. This method can also be applied to 3D morphologies (Eayrs, 
1955). Neuronstudio, a free application for reconstruction, visualization and 
analyzing neuronal structures (Computational Neurobiology and Imaging 
Center, Mount Sinai School of Medicine, New York, NY) (Wearne et al., 2005) 
was used to perform 3D Sholl analysis for each of the neuron to analyze the 
spatial distribution and extension of their neurites in more detail. Neuronstudio 
reads *.SWC files created by Neuromantic, performs Sholl analysis on the 
digital object, and then returns a text file containing number of branch points, 
neurite length, neurite surface area and neurite volume of the process with in 
the concentric spheres of increasing radii (used 50 pm increments) centered in
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the soma. Histograms of the frequency of branching as a function of distance 
from the soma were plotted using this data for each of the neuron.
Preparation of Morphological Figures
All morphological figures were created and edited for publication 
purpose using MATLAB TREES toolbox (Cuntz et al., 2010) and Photoshop 
CS5. In some cases, contrast and brightness were adjusted to clarify an 
image, but there was no other photo-retouching or image manipulation 
performed.
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RESULTS
Twenty-three Dbx1+ neurons and 14 non-Dbx1+ neurons were recorded 
and filled with biocytin. All the neurons recorded demonstrated inspiratory 
activity (Figs. 1 -  26, panel C) and they were revealed using DAB (n=9 Dbx1+, 
n=2 non-Dbx1+) or FITC (n=14 D bx1\ n=12 non-Dbx1+) imaged using bright 
field and confocal microscopy. All the morphologies of the neurons stained by 
FITC were digitally reconstructed and then analyzed to quantify their 
morphological properties (Table 1). Most of the morphological measurements 
were similar for Dbx1+ and non Dbx1+ neurons except the ones I discuss 
below. To give a firsthand view of the data, I prepared figures for all the FITC- 
visualized Dbx1+ (Figs. 1 -14)  and non-Dbx1+ (Figs. 15 - 26) neurons. Panel A 
shows the digitally reconstructed neuronal morphology in its entirety projected 
through the Z-axis into a 2-D representation. Panel B shows the histogram of 
branching from Scholl analysis, and panel C shows the inspiratory behavior of 
each neuron recorded via whole-cell patch clamp (upper trace) with 
simultaneously recorded respiratory network activity in vitro represented by the 
trace (lower) of XII output (in vitro electrophysiology by M. C. Picardo).
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Table 1: Morphometric features of Dbx1 + and non-Dbx1 + neurons
Measurement
Dbx1+
(n=14)
Non-Dbx1+ 
(n=12)
1 Soma Surface (pm2)
(Surface of the soma considering it as a sphere; 
4TTr2)
561 ± 48 672 ± 59
2 Number of Stems
(Number of stems attached to soma)
5 ± 0 6 ± 1
3 Number of Bifurcations
(Number of times a branch branches in to two)
11 ± 2 18 ± 4
4 Number of Branches 26 ± 4 42 ± 8
5 Number of Tips
(Number of compartments that terminate as terminal 
end points)
15 ± 2 23 ± 4
6 Total Width (pm) 287 ± 38 292 ± 43
7 Total Height (pm) 269 ± 38 247 ± 21
8 Total Depth (pm) 37 ± 4 54 ± 4
9 Average Diameter (pm) 0.88 ±0.08 0.76 ±0.03
10 Average Diameter Power (pm)
(Diameter raised to the power 1.5 for each 
compartment)
0.97 ±0.12 0.81 ±0.06
11 Length (pm)
(length of compartments)
Total Length 1362± 171 1762± 124
Terminal Length 7 8 8 ± 116 1088 ±96
Internal Length 574 ± 90 6 7 4 ± 116
12 Total Surface Area (pm2)
(Total surface area of compartments; 2irrl)
4008 ± 635 4769 ± 452
13 Average Section Area (pm2)
(Average of section area of compartments; Trr2)
0.94 ±0.15 0.79 ±0.08
14 Total Volume (pm3)
(Total volume of compartments; tt r2l)
1677 ±353 2152 ±333
15 Maximum Branch Order
(The order of the branch with respect to soma)
4 ±0 .5 8 ±  1.6
16 Average Taper 1
(Burke taper, measured between two bifurcation 
points)
0.03 ± 0.00 0.03 ±0.01
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Measurement
D bx1+
(n=14)
N o n-D bxt
(n=12)
17 Average Taper 2
(Hillman taper, measured between two bifurcation 
points)
0.61 ±0.03 0.58 ± 0.04
18 Euclidean Distance (pm)
(Straight line distance from soma)
Maximum 312 ± 29 334 ± 27
Average 125 ± 12 132 ± 10
19 Path Distance (pm)
(Length from soma)
Maximum 365± 35 424 ± 27
Average 147 ± 15 164 ± 13
20 Average path distance of Terminal 
Segments (pm)
172 ± 17 189 ± 18
21 Average Contraction
(The ratio between Euclidean distance of a branch 
and its path length)
0.90 ±0.01 0.89 ±0.01
22 Average Fragmentation
(The average number of compartments that constitute 
a branch between two bifurcation points or between a 
bifurcation point and a terminal tip)
29 ± 7 31 ± 5
23 Average Daughter Ratio
(The ratio between the bigger daughter and the other 
one in a bifurcation point)
1.17 ± 0.02 1.16 ±0.02
24 Average Parent to Daughter Ratio
(The ratio between the diameter of a daughter and its 
father)
0.81 ±0.02 0.83 ±0.02
25 Average Partition Asymmetry
(If n1 is the number of tips on the left and n2 on the 
right, asymmetry returns abs[n1-n2]/[n1+n2-2])
0.52 ±0.03 0.54 ± 0.05
26 Average Rail Power
The best value that fits the equation 
(father_dia)Rall=(daughter1_diaRal1 +daughter2_diaRail)
2.3 ±0 .4 3.0 ±0 .3
27 Average Pk
(Ratio of (daughter1Rall+daughter2Rall)/(bifurc diamRaii) 
using computed Rail power)
1.50 ±0.08 1.59 ±0.08
28 Average Pk Classic
(Ratio of (daughter1Rall+daughter2Rall)/(bifurc_diamRal1) 
using Rail power = 1.5)
1.74 ±0.04 1.77 ±0.04
29 Average Pk_2
(Ratio of (daughter1Rall+daughter2Rall)/(bifurc_diamRal1) 
using Rail power = 2)
1.68 ±0.05 1.72 ±0.05
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Measurement
Dbx1+
(n=14) Non-Dbxr(n=12)
30 Average Bifurcation Amplitude_Local 
(degrees)
(The angle between the first two compartments for 
a bifurcation point)
75 ± 4 73 ± 3
31 Average Bifurcation Amplitude_Remote 
(degrees)
(The angle between two bifurcation points or 
between bifurcation point and terminal point or 
between two terminal points)
65 ±4 67 ± 5
32 Average Bifurcation Tilt_Local (degrees)
(The smaller angle between the previous 
compartment of bifurcating father and the two 
daughter branches of the same bifurcation)
117 ± 3 116 ± 3
33 Average Bifurcation Tilt_Remote (degrees)
(The smaller angle between the previous father 
compartment of the current bifurcating father and its 
two daughter compartments)
123 ± 3 122 ± 4
34 Average Bifurcation Torque_Local (degrees)
(The angle between the plane of previous bifurcation 
and the current bifurcation. Bifurcation plane is 
identified by the two daughter compartments leaving 
the bifurcation)
92 ± 5 87 ± 6
35 Average Bifurcation Torque_Remote 
(degrees)
(The angle between the plane of previous bifurcation 
and the current bifurcation. Bifurcation plane is 
identified by the three bifurcation points)
86 ± 5 88 ± 4
36 Average Last Parent Diameter (pm)
(The diameter of last bifurcation before the terminal 
tips)
0.9 ±0.1 0.9 ±0.1
37 Average Diameter Threshold (pm)
(Diameter of first compartment after the last 
bifurcation leading to a terminal tip)
1.1 ±0.1 1.1 ±0.1
38 Average Hillman Threshold (pm)
(The weighted average between 50% of father and 
25% of daughter diameters of the terminal 
bifurcation)
0.7 ±0.1 0.7 ±0.1
39 Average Fractal Diameter (pm)
(The slope of linear fit of regression line obtained 
from the log-log plot of Path distance vs Euclidean 
distance)
1 .0±0 .0 1.0 ±0 .0
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Figure 1: Dbx1+ neuron (index 111101_dbx). A Morphology projected through the z- 
axis onto the transverse plane at the level of the preBotC. B Sholl analysis plotted in 
a histogram showing the frequency of branch points as a function of distance from 
soma. C A sample trace showing electrophysiology for the reconstructed neuron, 
which demonstrated robust inspiratory activity.
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Figure 2: Dbx1+ neuron (index 111102_dbx_1). A Morphology projected through the 
z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis plotted 
in a histogram showing the frequency of branch points as a function of distance from 
soma. C A sample trace showing electrophysiology for the reconstructed neuron, 
which demonstrated robust inspiratory activity.
19
Dbx1+
A
100
B
25
</)
■S.E 20 
i_ o 
<D Q. 15-§ J=i  c 10 
z 2 -co t>
0 I -
o o o o o o o o ou o o u n o i n o L n o m
( \ l IN  CO CO
o
o  o  o  o  oo  to o  to o
lO  ID  tO  CO N -
o  o  o  o
O ID O ID
oo oo o) o
I D O L D O I D O I D O  
T- T- CM (M n  to ^
o o o o o o o o o o o o
Distance from Soma (|jm)
2 0 -i
0 -
>
fc. -2 0 -
F
> - 4 0 -
- 6 0 - '
X II
0
i
10 
time (s)
15 20
Figure 3: Dbx1+ neuron (index 111102_dbx_2). A Morphology projected through the 
z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis plotted 
in a histogram showing the frequency of branch points as a function of distance from 
soma. C A sample trace showing electrophysiology for the reconstructed neuron, 
which demonstrated robust inspiratory activity.
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Figure 4: Dbx1+ neuron (index 111108_dbx). A Morphology projected through the z- 
axis onto the transverse plane at the level of the preBotC. B Sholl analysis plotted in 
a histogram showing the frequency of branch points as a function of distance from 
soma. C A sample trace showing electrophysiology for the reconstructed neuron, 
which demonstrated robust inspiratory activity.
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Figure 5: Dbx1+ neuron (index 111109_dbx_1). A Morphology projected through the 
z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis plotted 
in a histogram showing the frequency of branch points as a function of distance from 
soma. C A sample trace showing electrophysiology for the reconstructed neuron, 
which demonstrated robust inspiratory activity.
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Figure 6: Dbx1+ neuron (index 111109_dbx_2). A Morphology projected through the 
z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis plotted 
in a histogram showing the frequency of branch points as a function of distance from 
soma. C A sample trace showing electrophysiology for the reconstructed neuron, 
which demonstrated robust inspiratory activity.
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Figure 7: Dbx1+ neuron (index 111208_dbx). A Morphology projected through the z- 
axis onto the transverse plane at the level of the preBotC. B Sholl analysis plotted in 
a histogram showing the frequency of branch points as a function of distance from 
soma. C A sample trace showing electrophysiology for the reconstructed neuron, 
which demonstrated robust inspiratory activity.
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Figure 8: Dbx1+ neuron (index 111209_dbx). A Morphology projected through the z- 
axis onto the transverse plane at the level of the preBotC. B Sholl analysis plotted in 
a histogram showing the frequency of branch points as a function of distance from 
soma. C A sample trace showing electrophysiology for the reconstructed neuron, 
which demonstrated robust inspiratory activity.
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Figure 9: Dbx1+ neuron (index 111212_dbx). A Morphology projected through the z- 
axis onto the transverse plane at the level of the preBotC. B Sholl analysis plotted in 
a histogram showing the frequency of branch points as a function of distance from 
soma. C A sample trace showing electrophysiology for the reconstructed neuron, 
which demonstrated robust inspiratory activity.
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Figure 10: Dbx1+ neuron (index 111214_dbx). A Morphology projected through the 
z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis plotted 
in a histogram showing the frequency of branch points as a function of distance from 
soma. C A sample trace showing electrophysiology for the reconstructed neuron, 
which demonstrated robust inspiratory activity.
27
Dbx1+
200 |im
B
25(/)•s i 20
o
$> a. 15 
•9 sz
§ o 10
z 2 -CQ 5
0 : , i y
o  o  o
o  o  o  o  o  o  o
m o  in  o  in o  in
T - T - CN CNJ CO CO
o  o  o  o
o  in o  m03 00 0) 01
o  o  o  o
in o  in o
I— 00 CO CD
o  o  o
in o  in o » o o
Distance from Soma (|jm)
-45 - i  
-5 0 -  
0-55 
&  -60H
-65
-70
-75
I jA
XII 1
2010 
tim e (s)
15
Figure 11: Dbx1+ neuron (index 111219_dbx_1). A Morphology projected through 
the z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis 
plotted in a histogram showing the frequency of branch points as a function of 
distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated robust inspiratory activity.
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Figure 12: Dbx1+ neuron (index 111219_dbx_2). A Morphology projected through 
the z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis 
plotted in a histogram showing the frequency of branch points as a function of 
distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated robust inspiratory activity.
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Figure 13: Dbx1+ neuron (index 111220_dbx_1). A Morphology projected through 
the z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis 
plotted in a histogram showing the frequency of branch points as a function of 
distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated robust inspiratory activity.
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Figure 14: Dbx1+ neuron (index 111220_dbx_2). A Morphology projected through 
the z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis 
plotted in a histogram showing the frequency of branch points as a function of 
distance from soma.
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Figure 15: Non-Dbx1+ neuron (index 111031_ctrl). A Morphology projected through 
the z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis 
plotted in a histogram showing the frequency of branch points as a function of 
distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated robust inspiratory activity.
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Figure 16: Non-Dbx1+ neuron (index 111101_ctrl). A Morphology projected through 
the z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis 
plotted in a histogram showing the frequency of branch points as a function of 
distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated robust inspiratory activity.
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Figure 17: Non-Dbx1+ neuron (index 111103_ctrl). A Morphology projected through 
the z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis 
plotted in a histogram showing the frequency of branch points as a function of 
distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated inspiratory activity.
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Figure 18: Non-Dbx1+ neuron (index 111208_ctrl). A Morphology projected through 
the z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis 
plotted in a histogram showing the frequency of branch points as a function of 
distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated inspiratory activity.
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Figure 19: Non-Dbx1+ neuron (index 111209_ctrl). A Morphology projected through 
the z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis 
plotted in a histogram showing the frequency of branch points as a function of 
distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated inspiratory activity.
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Figure 20: Non-Dbx1+ neuron (index 111214_ctrl_1). A Morphology projected 
through the z-axis onto the transverse plane at the level of the preBotC. B Sholl 
analysis plotted in a histogram showing the frequency of branch points as a function 
of distance from soma.
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Figure 21: Non-Dbx1+ neuron (index 111214_ctrl_2). A Morphology projected 
through the z-axis onto the transverse plane at the level of the preBotC. B Sholl 
analysis plotted in a histogram showing the frequency of branch points as a function 
of distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated robust inspiratory activity.
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Figure 22: Non-Dbx1+ neuron (index 111219_ctrl_1). A Morphology projected 
through the z-axis onto the transverse plane at the level of the preBotC. B Sholl 
analysis plotted in a histogram showing the frequency of branch points as a function 
of distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated inspiratory activity.
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Figure 23: Non-Dbx1+ neuron (index 111219_ctrl_2). A Morphology projected 
through the z-axis onto the transverse plane at the level of the preBotC. B Sholl 
analysis plotted in a histogram showing the frequency of branch points as a function 
of distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated inspiratory activity.
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Figure 24: Non-Dbx1+ neuron (index 111220_ctrl). A Morphology projected through 
the z-axis onto the transverse plane at the level of the preBotC. B Sholl analysis 
plotted in a histogram showing the frequency of branch points as a function of 
distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated inspiratory activity.
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Figure 25: Non-Dbx1+ neuron (index 111222_ctrl_1). A Morphology projected 
through the z-axis onto the transverse plane at the level of the preBotC. B Sholl 
analysis plotted in a histogram showing the frequency of branch points as a function 
of distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated robust inspiratory activity.
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Figure 26: Non-Dbx1+ neuron (index 111222_ctrl_2). A Morphology projected 
through the z-axis onto the transverse plane at the level of the preBotC. B Sholl 
analysis plotted in a histogram showing the frequency of branch points as a function 
of distance from soma. C A sample trace showing electrophysiology for the 
reconstructed neuron, which demonstrated inspiratory activity.
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Dbx1+ neurons have fewer branches compared to non-Dbx1+ neurons
The dendrites of Dbx1+ neurons (n= 14) had fewer branches compared 
to non-Dbx1+ neurons (n=12). The statistics showed 26 ± 4 (mean ± SEM) 
dendritic branches on average for Dbx1+ neurons and 42 ± 8 for non-Dbx1 + 
neurons. Moreover, the number of bifurcations (the number of times a 
particular branch divides into two subsidiary branches) for the Dbx1+ group 
was 11 ± 2 and that for non-Dbx1+ group was 18 ± 4 on average (Table 1). In 
addition, the maximum branch order (order of branch with respect to soma 
where soma has order 0, the first bifurcation has order 1, the second 
bifurcation has order 2 and so on) was 4 ± 0 for Dbx1+ neurons and 8 ± 2 for 
non-Dbx1+ neurons (Table 1). Nevertheless, none of these measurements 
reached the level of statistical significance (two-tailed, two-sample unequal 
variance t-test, p>0.05). Figures 1-26 and Fig. 27 provide a complete view of 
the branching structure for Dbx1+ and non-Dbx1+ neurons.
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A Dbx1+ B Non-Dbx1+
Figure 27: Confocal images of biocytin filled neurons processed with FITC 
conjugated ExtrAvidin emphasizing branching pattern. A Dbx1 +neuron (index 
111219_dbx_2) with a long axon projected medially and less number of branches. 
B Non-Dbx1+ neuron (index 111031_ctrl) with severed axon on the rostral side and 
high number of branches. Scale bars represent 100 pm.
The histograms representing mean branching frequency as a function 
of distance from soma for Dbx1 + and non-Dbx1+ neurons (i.e., Sholl analysis, 
Fig. 28 A,B) showed higher neurite branching density close to soma for non- 
Dbx1+ neurons (radius <100 pm). These data suggest that the apparently 
disparate branching patterns of Dbx1+ and non-Dbx1+ neurons described 
above (and in Table 1) were also captured by Sholl analysis. However, these 
histograms were not significantly different as assessed using a Kolmogorov- 
Smirnov test (p=1.0, Fig. 29).
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Figure 28: Sholl analysis plotted as histograms showing the average frequency 
of neurite branch points as a function of distance from soma for the entire set of 
FITC-visualized, digitally reconstructed preBotC neurons from Figs. 1-26.
A Dbx1+ neurons B Non-Dbx1+neurons.
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Figure 29: Comparison of Sholl analyses for Dbx1+ and non-Dbx1+ neurons using 
the cumulative fraction plot of the histograms from Fig. 29 a and b, and the 
Kolmogorov-Smirnov test. The maximum difference between the cumulative 
distributions measured 0.0833 with a corresponding p = 1.0.
Non-Dbx1+ neurons have spines and protrusions, Dbx1+ neurons do not
Dendritic spines and protrusions play a key role in dendritic information 
processing and cellular plasticity mechanisms (Stuart et al., 2007). Three out 
of total of 14 non-Dbx1+ neurons (21%) demonstrated spines and protrusions, 
especially within a radius less than 100 pm from the soma (Fig. 16 A,B; Fig. 23 
A,B; Fig. 24 A,B) In contrast, none of the 23 Dbx1+neurons sampled (n=14 
FITC-visualized, n=9 DAB-visualized) showed spines or protrusions along
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the ir dendrites (Fig. 30). The two-ta iled, 2x2 Fisher's exact test (Fisher, 1948) 
dem onstrated that this d ifference between two groups is statistically significant 
(p = 0.046).
A Dbx1+ B Non-Dbx1+
S '
Figure 30: Confocal images of biocytin filled neurons, emphasizing spines and 
protrusions, processed with FITC conjugated ExtrAvidin. A Dbx1+ neuron (index 
111212_dbx_1) shows no spines or protrusions. B Non-Dbx1 +neuron (index 
111219_ctrl_2) shows many protrusions and spines. Note, the process emerging 
from the shoulder of the dendrite to the lower right of the soma is an axon, with a 
bleb at its termination indicating axon truncation by virtue of transverse slicing. 
Scale bars represent 20 pm.
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Dendrites of non-Dbx1+ neurons span the parasagittal plane more so 
than Dbx1+ dendrites
L-measure calculates the depth of neuron based on the difference of 
maximum and minimum Z-coordinates considering 95% of Z values and 
eliminating the 2.5% from either side as outliers. The total depth on average 
measured 37 ± 4 pm and 54 ± 4 pm for Dbx1+ and non-Dbx1+ neurons, 
respectively. Thus, the non-Dbx1+ neurons extended 17 pm deeper on 
average compared to Dbx1+ neurons in the parasagittal plane (Fig. 31). The 
depth difference between two groups was statistically significant (p = 0.007, 
two-tailed, two-sample unequal variance t-test).
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Dbx1+
Non-Dbx1+
D E F
Figure 31: A-C Dbx1+ neuron (index 111108_dbx) and D-F non-Dbx1+ neuron 
(index 111103_ctrl). A and D, Confocal image stacks of FITC-visualized 
preBotC neurons projected through Z-axis (rostral-caudal direction). B and E, 
Confocal image stacks projected through X-axis (left-right direction) onto the 
parasagittal plane at the preBotC level. C and F, Digitally reconstructed view of 
the neurons from B and E in the parasagittal plane. Scale bars represent 20 pm
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Dbx1+ neuron dendrites are confined to transverse plane
Like depth, L-measure calculates width (height) of a neuron by the 
difference of maximum and minimum X(Y) coordinates considering 95% of 
X(Y) values and eliminating the 2.5% from either side as outliers. The total 
width of the dendritic processes of Dbx1+ neurons on average was almost 
identical (287 ± 38 pm) to non-Dbx1+ neurons (292 ± 43 pm). The total height 
of the dendritic processes on average was slightly higher for Dbx1+ neurons 
compared to non-Dbx1+ neurons (269 ± 38 pm versus 247 ± 21 pm). These 
measurements for the two groups were statistically indistinguishable (p = 0.9 
for width and p = 0.6 for height, two-tailed, two-sample unequal variance t- 
test.)
Dbx1+ neurons show commissural axonal projections more often than 
non-Dbx1+ neurons
11 out of 23 Dbx1+ neurons (48%) showed axon projections towards the 
midline (i.e., the medial border of the slice, which divides the left and right 
parts of the preBotC and XII motor nucleus), and one axon (4%) actually 
crossed the midline (Fig. 32), which re-confirms the commissural nature of 
Dbx1+ neurons in spinal and hindbrain systems (Bouvier et al., 2010; Gray et 
al., 2010; Pierani et al., 2001; Lanuza et al., 2004). From the total of 14 non- 
Dbx1+ neurons, two (14%) projected their axons towards the midline and none 
of them crossed the midline. Nonetheless, two-tailed, 2x2 Fisher exact test
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demonstrated that the relative fraction of contralateral axon projections is not 
significant (p = 0.07).
Axons
Midline
Figure 32: Morphology of Dbx1+ neurons (upper Dbx1+ neuron index 
111220_dbx_1 and lower Dbx1+ neuron index 111220_dbx_2), obtained from the 
right preBotC of the same slice preparation. Their axons project leftwards towards 
midline. Scale bar represents 100 pm.
It is important to note that the axon of some non-Dbx1+ neurons 
appeared to be severed at the rostral face of the slice, which could easily 
occur during transverse slicing of the preparation (see Methods), in which 
case it would be impossible to discern whether the axon crossed at a different 
level of the brain stem in the rostro-caudal axis. The number of Dbx1+ neurons 
with severed axons was 5 out of 23 (22%) and that for non-Dbx1+ neurons
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was 9 out of 14 (64%). Two-tailed, 2x2 Fisher exact test demonstrated that the 
relative fraction of number of severed axons is significant (p = 0.015). 
Moreover, the axons of non-Dbx1+ neurons, which were identified as severed, 
were relatively short (< 240 pm) suggesting that they were projecting along the 
rostral-caudal orientation.
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DISCUSSION
The preBotC is a functionally and anatomically specialized site for 
generating breathing behavior in mammals (Smith et al., 1991; Rekling and 
Feldman, 1998; Gray et al., 2001; Feldman and Del Negro 2006; Tan et al., 
2008), including humans (Schwarzacher et al., 2011). The preBotC is tasked 
particularly with generating the inspiratory phase of the respiratory rhythm. 
Approximately half of its constituent interneurons express inhibitory 
neurotransmitters GABA or glycine (Winter et al., 2009; Kuwana et al., 2006). 
The other half are glutamatergic, i.e., excitatory, derived from precursors that 
express the transcription factor Dbx1. These Dbx1+ interneurons makeup the 
crucial rhythmogenic population in preBotC (Bouvier et al., 2010; Gray et al., 
2010). Three-dimensional digital representations of Dbx1+ and non-Dbx1 + 
neurons concentrate a considerable amount of geometric information, which 
we analyze to help unravel the rhythmogenic (Dbx1+) and non rhythmogenic 
(non-Dbx1+) nature of these neurons. This morphological study showed that 
Dbx1+ and non Dbx1+ neurons are indistinguishable on the basis of many 
features, except the rostral-caudal directional spread and the relative 
prevalence of spines and protrusions on dendrites, which were significantly 
different from one population to the other. Also, this study confirmed the prior 
suggestion that Dbx1+ neurons exhibit contralateral axonal projections 
(Bouvier et al., 2010; Gray et al., 2010; Pierani et al., 2001; Lanuza et al., 
2004), but here these projections were revealed from single neurons identified
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and recorded physiologically. The dendritic geometry and axon projection 
patterns indicate that one population (non-Dbx1+) appears to be designed to 
participate in long-range communication throughout the medulla whereas the 
other (Dbx1+) appears to be specialized for local communication, presumably 
in excitatory recurrent network activity.
This study clearly demonstrated that non-Dbx1+ dendrites span deeper 
rostrocaudally unlike Dbx1+ dendrites. It must be noted here that some of the 
dendrites probably get severed while slicing since the recorded cells are 
located near the surface of the tissue. This is unavoidable because 
electrophysiological recordings from visually pre-identified neurons are not 
possible in the middle region of the tissue. Therefore, our recordings and 
reconstructions have to be done close to the rostral slice surface. Therefore, 
we only see caudal part of the neuron and it could be assumed that their 
dendrites symmetrically extend deeper in both rostral and caudal axes. This 
suggests that non-Dbx1+ neurons may coordinate with rostral and caudal 
structures in the medullary respiratory network. These non-Dbx1+ neurons 
also have short axons that end with a bleb at the slice surface suggesting 
rostrally projected axons that were severed due to transversal slice 
preparation. Given that non-Dbx1+ neurons have very similar inspiratory 
phenotype, rostrally projected axons of non-Dbx1+ neurons in the preBotC 
may reflect the fact that these neurons mimic the respiratory activity of 
rhythmogenic Dbx1+ neurons in the preBotC to inhibit the distal sites in rostral
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respiratory network to influence the spatiotemporal pattern of respiratory motor 
behavior, which includes -  but is not limited to -  ventilatory movements of the 
ribcage and diaphragm.
On the contrary, the dendrites of Dbx1+ neurons projected locally in 
transverse plane suggesting a local communication network configuration with 
other Dbx1+ neurons. Furthermore, their axons appeared to be long because 
they were confined to the transverse plane, and they projected contralaterally. 
This observation can be taken as evidence that Dbx1 + axons connect with 
opposite side confirming the previous finding that Dbx1+ neurons bilaterally 
synchronize the preBotC (Bouvier et al., 2010). Co-planner dendrite arbors 
and commissural axons of Dbx1+ population suggest a wide network 
configuration for recurrent excitation as a basic substrate of rhythmogenesis 
(Rubin et al., 2009; Rekling and Feldman, 1998; Del Negro et al., 2010).
Investigation of dendritic spatial pattern of Dbx1+ neurons showed no 
spines and protrusions, which is surprising at face value since dendritic spines 
are common features in the central nervous system (Stuart et al., 2007). Lack 
of spines and protrusions may help Dbx1+ neurons to preserve the signal 
amplitude from distal synapses, as their EPSPs propagate from dendrite to 
soma. It has been proposed that electrotonic properties of dendrites are 
essential in synaptic integration prior to inspiratory burst generation.
Preserving the amplitude of synaptic inputs may be a principle rhythmogenic 
feature of the respiratory rhythmogenic Dbx1+ population, as reflected in
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dendrites that branch minimally and show no spines or protrusions that would 
promote signal decay due to cable properties. Interestingly, non-Dbx1 + 
dendrites have spines and protrusions especially close to soma. More spines 
and protrusions increase the surface area in non-Dbx1+ neurons and this may 
allow for more synaptic inputs. Despite, the presence/absence of spines and 
protrusions in non-Dbx1+/ Dbx1+ neurons being significantly different, these 
ultrastructural features and their functional contributions are still largely 
unknown and reflect important targets for future investigations.
My findings demonstrated fewer branches in Dbx1+ neurons compared 
to non-Dbx1+ neurons. Dbx1+ neurons also have a lower number of 
bifurcations and lower branch order compared to the non-Dbx1+ neurons. 
Although I failed to find a significant difference for these parameters between 
the two classes, they seem to be showing important characteristics related to 
the role of each neuron class in the preBotC. The lack of statistically significant 
branching differences may be due to ‘missing data’, that is, part of the dendrite 
structure was excluded from the analyses as a result of transverse slicing. 
Therefore, our measures only represent only the caudal part of the dendritic 
tree. Even though both groups suffer this limitation in principle, a larger part of 
the non-Dbx1+ neurons may severed while slicing because they may project 
rostrally even more than Dbx1+ neurons (if the caudal span of the dendritic 
tree is any indication, which it likely is). The small sample size (n=14 Dbx1 +
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and n=12 non-Dbx1+) could be another factor that limited the ability to quantify 
a statistically significant difference in branching measurements.
It must be noted that there are some certain limitations applied in 
producing accurate reconstructions. As discussed before, some dendrites and 
axons can be missing from the reconstruction due to dendrotomy/axotomy 
during slicing procedures since the recorded cells are located close to the 
tissue surface. Further, the tissue shrinkage during fixation is also 
unavoidable. Even though a mounting medium has been used and a 
conventional nail polish has been applied on boundaries to protect the slice 
from dehydration, additional shrinkage and tissue deformation occurs while the 
slices are being mounted and cover slipped prior to imaging. Even though 
tissue shrinkage would not have affected comparative analysis of the two 
populations, shrinkage would limit the accuracy of diameter of dendrites which 
is an important parameter when calculating active and passive properties from 
digital reconstruction. The diameter of the dendrites becomes even more 
critical if the digital reconstructions are to be used in mathematical modeling. 
Applying shrinkage factors would minimize the error introduced in to the neural 
reconstruction. Shrinkage factors can be determined by measuring the size 
and thickness of the slice before and after fixation, histological processing and 
cover slipping (Jaeger, 2001).
Another problem is uneven diffusion of biocytin inside the cell. This 
results in variable contrast among the dendrites. Some small dendrites can
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even be missing from the reconstruction due to a failure to trace them in poor 
contrast. On the other hand, a small diameter dendrite may appear larger in 
diameter due to light diffraction or fortuitously being filled with a higher 
concentration of biocytin. These factors are not predictable at the outset of the 
experiment and represent the inherent unreliability of the technique. Another 
limitation is that the vertical movement of microscope stage can be different 
from the distance the specimen is scanned, due to the different refraction 
indices of glass, mounting medium and water (Jaeger, 2001). Moreover, if the 
slices are cut unevenly, different contrast in the same Z- plane results in the 
different stacks obtained for a specific neuron. These mismatches in the Z-axis 
position of the in-focus plane of different stacks introduce errors while stitching 
stacks using Fiji since it stitches images in different stacks matching the pixels 
rather than Z-axis position. However, it is assumed that all these limitations 
affect each individual neuron the same way and in that regard, they would not 
affect the comparative analysis of Dbx1+ and non-Dbx1+ population.
To my knowledge this is the first study to investigate the morphology of 
Dbx1+ neurons in preBotC. To this, physiology was added: all these Dbx1 + 
preBotC neurons are physiologically identified. In summary, this study 
demonstrated that the morphology of Dbx1+ neurons appear to be specialized 
to facilitate local respiratory network interactions whereas, that of non-Dbx1 + 
neurons appears to be arranged specifically to connect with other sites in the 
medullary respiratory network. These observations are consistent with the two
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ideas. First, recurrent excitatory network activity of Dbx1+ neurons in the 
preBotC may be rhythmogenic. Second, non-Dbx1+ neurons -  with a 
physiological phenotype closely matching the Dbx1+ population but a 
morphology reflective of greater rostrocaudal connectivity -  may be involved in 
influencing pattern formation throughout the ventral medullary respiratory 
networks.
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